Spatiotemporal contrast sensitivity (CS) functions were obtained from four White Carneaux pigeons. The spatial frequency for each session was selected randomly from a group of five spatial frequencies ranging from 0.42 to 1.26 c/deg. Within the session, the temporal frequency varied from 1 to 32 Hz. When plotted as a function of spatial frequency, the CS functions peaked in the range 0.7-1.0 c/deg. When compared to data that had been collected at 0 Hz temporal modulation, the temporally modulated spatial CS functions showed reduced CS, especially at the higher spatial frequencies, and reduced peak spatial frequency. When plotted as a function of temporal frequency, the CS functions were flat up to 8-16 Hz. Above 16 Hz, the curves showed a sharp roll off. When plotted as a three-dimensional, spatiotemporal CS surface, the data had a number of characteristics in common with the threedimensional spatiotemporal model of CS proposed by Burbeck and Kelly (J. Opt. Soc. Am. 70 (1980) 1121).
Introduction
Birds are probably the most visually dependent of all vertebrate classes. Their evolutionary success or failure depends in large measure on their ability to discriminate subtle visual properties of their environment that determine such behaviors as predator avoidance, feeding, mate selection, and parental behavior. Investigations of avian vision largely have concentrated on the spatial aspects of vision, such as visual acuity, and to a lesser extent, contrast sensitivity (CS).
The visual acuities of birds vary widely. Flightless birds often have very low visual acuities. The domestic chicken, for example, has a visual acuity of only 1.5 c/ deg (Over & Moore, 1981) . Birds that fly, however, can have acuities that rival and even surpass those of primates, which have the highest acuities among mammals. The Northern blue jay has a visual acuity of 15-19 c/deg (Fite & Rosenfield-Wessels, 1975) . In addition, several members of the crow family (Corvidae) also have acuities that equal those of humans (Da z browska, 1975) . The keenest acuity in the avian class belongs to the diurnal raptors, such as the African serpent eagle (Dryotriorchus spectabilis), with an acuity of 120 c/deg (Schlaer, 1972) , and the wedge-tailed eagle (Aquila audax) at 132-143 c/deg (Reymond, 1985) .
At present, CS functions have been determined only for four species of birds. These are White Carneaux pigeons (Hodos, Ghim, Miller, Sternheim, & Currie, 1997; Hodos, Ghim, Potocki, Fields, & Storm, 2002; Nye, 1968) , Japanese quail (Lee, Holden, & Djamgoz, 1997) , a single American kestrel (Hirsch, 1982) , and a single wedge-tailed eagle (Reymond & Wolfe, 1981) . Compared to the CS functions of humans, other primates, or other mammals, avian CS functions are remarkable for their low peak CS and their narrow band-pass (Hodos et al., 1997) .
Although avian spatial vision has been well studied with visual-acuity and CS methods, relatively little attention has been paid to the temporal properties of their vision. The few studies (Graf, 1973; Yamashita, 1986) that have investigated avian sensitivity to the temporal properties of stimuli have tended to use diffuse, patternless fields as the stimuli. These studies generally have found that temporal CS curves show a distinct peak with sharp roll off at both high and low temporal frequencies. These data are similar to those collected for humans and other species of mammals (Callahan & Petry, 1999; Loop & Berkely, 1975; Merigan, 1980) . While such studies are important for producing simple stimulusresponse functions, in the natural world there are very few situations in which a stimulus with little or no spatial-frequency content varies in time.
One study of avian spatial CS (Hirsch, 1982) also collected behavior at a single frequency of temporal modulation. Several problems surround this study however: (1) the data were collected from only one subject; (2) the temporal frequency at which the grating stimulus was modulated was atypically low; i.e., 0.25 Hz.
Several studies have investigated spatiotemporal CS in humans (Burbeck & Kelly, 1980; Robson, 1966; Watson, 1979; Watson & Nachmias, 1977; Wilson, 1980; Yang & Makous, 1994) . The purpose of the experiment reported here was to use similar methods to study spatiotemporal CS over a broad range of temporal and spatial frequencies in pigeons. The method consisted of training pigeons to discriminate a sinusoidal grating from a luminance-matched blank and then reducing the contrast of the grating to obtain the contrastdetection threshold, the reciprocal of which is CS. Contrast thresholds were obtained at five spatial frequencies with no temporal modulation (0-Hz gratings) to form a spatial CS function. The pigeons then were exposed to gratings that were temporally modulated from 1 to 32 Hz at each of the spatial frequencies. Four types of data functions were plotted: (1) CS as a function of spatial frequency with temporal modulation as a parameter; (2) CS as a function of temporal frequency with spatial frequency as a parameter; (3) high temporal frequency cutoff as a function of spatial frequency; and (4) CS as a single, three-dimensional spatiotemporal CS surface (Burbeck & Kelly, 1980) . Except for differences in their effective spatial frequency ranges and the generally lower CS of birds (Hodos et al., 1997) , the spatiotemporally modulated data were similar to those reported for humans.
Method

Subjects
The subjects were four White Carneaux pigeons obtained from the Palmetto Pigeon Plant and housed in the pigeon vivarium at the University of Maryland at College Park. The vivarium environment was kept at a temperature of 19-20°C, with a relative humidity of 22-29%. The light cycle consisted of 12-h periods of light and dark. Each subject was maintained at 80% of their free-feeding body weight through a restricted diet of pigeon chow pellets and mixed grains. The ages of the subjects ranged from 5 to 8 years old at the beginning of the experiment. These ages are comparable in acuity to humans in their mid-40s (Hodos, 1991; . Each subject had several years of experience in psychophysical tests of CS and appeared normal during an ophthalmoscopic examination.
Apparatus
The apparatus consisted of a three-key (two side keys, one center key) Lehigh Valley Electronic pigeon chamber (38 Â 38 Â 38 cm 3 ) modified to display grating patterns from a high resolution (480 scan lines and 256-Hz frame rate) Tektronix 608 oscilloscope with a linearized z-axis gamma correction. The image was projected onto the front surface of the center pecking key. The grating patterns were produced by a pattern-generator board and application software (Neuroscientific Corporation). The chamber side keys were constructed from Polacoat rear-projection screen, 2.5 cm in diameter, behind which was mounted a white LED.
The center key was fabricated from a transparent, 1.0 mm thick, glass microscope slide, which is far more resistant to abrasion by pecking than is Plexiglas and also is optically neutral. The key was opaque except for a 15 mm (approximately 15°, depending on the viewing distance) diameter circular region in the center of the key. The grating diameter within this circle was 8 mm (approximately 8°). The center key was surrounded on the top and sides by an inverted U-shaped black, metal canopy 5.0 cm width Â 5.0 cm height Â 4.0 cm depth to reduce glare on the key. Between the Tektronix monitor and center key was a 55 mm Nikkor-P macro lens mounted on an optical rail. The lens served to reduce and focus the image of the oscilloscope face on the pigeonÕs side of the center key. A solenoid-operated shutter also was attached to the optical rail and was mounted just in front of the lens to obscure the target during inter-stimulus intervals.
The interior of the chamber was painted flat white and was illuminated by a ceiling-mounted General Electric F6T5 CW fluorescent lamp diffused by a sheet of white, translucent Plexiglas. The chamber illuminance varied from 367 lux in the center to 233 lux at eye level in front of the hood to 104 lux in the darkest corner. The luminance of the center key was 16.2 cd/m 2 . The chamber remained illuminated throughout the session.
Stimulus
The stimuli were sine-wave gratings of various spatial and temporal frequencies and luminance-matched blanks. The proportion of blanks was 50%. The spatial frequencies used were 0.42, 0.67, 0.84, 1.01, and 1.26 c/ deg, and the temporal frequencies used were 1, 2, 4, 8, 16, and 32 Hz. The temporal modulation was sinusoidal. The spatial frequencies were calibrated on the glass pecking key with the aid of a 10Â magnifier. For each testing session, a single spatial frequency was selected randomly. Within that session, this spatial frequency was temporally modulated at each of the temporal frequencies in random order.
Procedure
The psychophysical procedure used to elicit a discrimination of the stimuli was a two-alternative forced choice similar to that used in our previous studies of near-field visual acuity in pigeons (Hodos & Leibowitz, 1977; Hodos, Leibowitz, & Bonbright, 1976) . The subjects were required to perform the following conditional discrimination: if a grating appears on the center key, then peck the right side key; if a blank appears on the center key, then peck the left side key. The trial began with the opening of the shutter. The subject was permitted as much time as it liked to inspect the target. Ten pecks to the center key closed the shutter and illuminated the two side keys. If the grating was present on the center key, pecks to the right side were rewarded with brief access to the grain feeder (time varied according to the weight of the subject); a peck to the left side key was rewarded if the blank was present. Errors were followed by a 10-s time out period followed by the next trial. Gratings and blanks were presented randomly, but with no more than three successive repetitions of a grating or blank. Every correct response was followed by the illumination of the feeder light and a random 65-75% of these correct responses were accompanied by seed delivery.
The psychophysical procedure used to determine the next stimulus was a three-reversal staircase procedure (Johnson, Chauhan, & Shapiro, 1992) in which the subjects were required to make three consecutive correct responses at a particular spatial frequency and contrast level before the contrast was decreased while the contrast was increased with a single grating error. The contrast level changes were AE1 dB.
After stable performance had been achieved at an intermediate spatial frequency, each subject was tested at each of the five spatial frequencies three times for a total of 15 sessions. Each session, which consisted of approximately 350 individual discriminations, had a duration of approximately 1 h. When an animalÕs performance stabilized, one or more sessions were videotaped to determine the subjectÕs viewing distance, which is the cornea to target distance, plus 3.5 mm from cornea to anterior nodal point (Hughes, 1977) in order to recalculate the spatial frequency in c/deg for each subject. The viewing distances of the four subjects were so similar that the spatial frequencies could be adequately represented by the mean viewing distance.
Animal welfare
This research was conducted under an approved protocol from the University of Maryland, College Park Institutional Animal Care and Use Committee operating under animal care and use guidelines established by the US National Institutes of Health.
Results
Viewing distance
The viewing distances of the subjects were 58.0, 58.5, 58.6, and 60.3 mm. These values were similar to those reported by Macko and Hodos (1985) . Since these data were so similar, the mean viewing distance of 58.85 mm was used for all subjects in calculating the spatial frequencies in cycles per degree (c/deg). This permitted us to plot the data of all four birds in the same coordinate space for easier comparison. Fig. 1 presents CS as a function of spatial frequency with temporal frequency as a parameter. Each panel represents the data of an individual subject. Within a panel, individual curves represent temporal frequencies from 1 to 32 Hz. For comparison purposes, a 0-Hz function, collected from the same subjects using the same apparatus and procedure and which has been truncated to the spatial-frequency range of the temporally modulated curves, has been included. Several features of this figure should be noted: First, the temporally modulated CS curves show considerably smaller band width than their 0-Hz counterparts, with generally lower peak spatial frequencies and lower peak contrast sensitivities. Second, within the temporally modulated curves, temporal modulation appears to have little effect, except at 32 Hz, at which two of the pigeons show suppression of CS at all spatial frequencies and two of which show a progressive decline in CS with increasing spatial frequency above 0.42 c/deg. Fig. 2 displays the same data as Fig. 1 , except that here the abscissa indicates temporal modulation, with spatial frequency as a parameter. The 0-Hz data have not been included in this figure. All of the curves show low-pass characteristics with the exception of the data for the lowest spatial frequency, 0.42 c/deg, in pigeon E-182, which show a distinct roll off of CS from a peak at 16 Hz at both lower and higher temporal frequencies. To the extent that any tendency towards a peak in the temporal CS function occurred in any of the pigeon data, it occurred at either 8 or 16 Hz. In all cases, temporal modulation at 32 Hz resulted in a sharp decline in CS. Fig. 3 depicts the high temporal frequency cutoff, averaged across all temporal frequencies, as a function of spatial frequency. The high temporal frequency cutoff was estimated by linear extrapolation to zero of the descending limb of each function of the data in Fig. 2 . The point at 0 c/deg was taken from the data of Graf (1973) , who used a diffuse field as the stimulus. The dotted line represents a simple linear extrapolation from our data to GrafÕs. The figure indicates that at 0 c/deg, the maximum temporal frequency that the pigeons could resolve was 54 Hz. At intermediate spatial frequencies (0.42 and 0.67 c/deg), the temporal resolution threshold was 80-100 Hz. At higher spatial frequencies (0.84-1.25 They may be seen, however, in Fig. 2 , which are the same data plotted to show spatial frequency as a parameter. c/deg), the maximum frequency dropped to the range of 60-68 Hz.
Psychophysical data
Discussion
Psychophysical data
The principle conclusion of this study is that in pigeons, as in humans (Georgeson, 1987; Robson, 1966; Watson & Nachmias, 1977; Yang & Makous, 1994) , temporal modulation of a spatial stimulus carried out in a counter phase alternation of the bars and spaces of a grating results in CS functions that are relatively flat at the low temporal frequencies. The function then rolls off at the higher temporal frequencies with the biggest declines in CS at or above 8 Hz.
An interaction between temporal and spatial modulation may be seen in the temporal-modulation data of pigeons E-182 and E-257 compared with the data of E-254 and E-255 (Fig. 2) . In the data of E-182 and E-257, the spatial frequency that resulted in the lowest CS was the highest spatial frequency used, 1.26 c/deg. But for E-254 and E-255, the spatial frequency that resulted in the lowest CS was the lowest spatial frequency, 0.42 c/deg. The explanation for these differences is that both E-182 and E-257 were maximally sensitive to temporal modulation at their peak spatial frequency 0.67 c/deg (see also Fig. 1 ), which suggests strongly that they would have considerably reduced sensitivity to temporal modulation at what for these pigeons is a relatively high spatial frequency of 1.26 c/deg. On the other hand, pigeons E-254 and E-255 were most sensitive to temporal modulation at their peak spatial frequency of 1.01 c/deg, which means that they still maintained considerable sensitivity to temporal modulation at 1.26 c/deg, but had a considerable loss of CS at 0.42 c/deg.
The data of Fig. 3 suggest that the spatial frequency of the target has an effect on maximal temporal resolution. Although an exact comparison is not possible because of differences in methodology, comparing our data to those of Graf (1973) suggests that grating patterns result in higher temporal resolution than do diffuse patterns. This observation is supported by a recent study by Jarvis, Taylor, Prescott, Meeks, and Wathes (2002) , who reported temporal resolution of diffuse flicker in chickens to be similar to the value that Graf (1973) reported for pigeons.
At spatial frequencies of 0.84 c/deg and above, the temporal resolution threshold in range of 60-68 Hz would suggest that with stimuli presented at 0 Hz, the background flicker of a display device with a refresh rate of 60 Hz would be at or just above threshold and might not be a significant variable in grating visibility. Background flicker for display devices with 50-Hz refresh rates, however, could be as much as 18 Hz above threshold. With spatial frequencies of 0.42 or 0.67 c/deg, the problem increases as background flicker would be approximately 20-40 Hz above threshold for a 60-Hz display device and greater for a 50-Hz device.
One might speculate whether the low peak contrast sensitivities of birds compared to mammals might be the result of suprathreshold background flicker in the avian studies since the majority of reported avian studies used video monitors as the stimulus-display devices. This, however, is an unlikely possibility as may be seen by a comparison of the pigeon data of Nye (1968) , which were collected in a study that used directly viewed photographic images of gratings, with pigeon data collected with video-monitor presentations, such as the data reported here and those of Hodos et al. (1997 Hodos et al. ( , 2002 . NyeÕs data show peak spatial frequencies and peak contrast sensitivities that are similar to those of the present data and the Hodos et al. (1997 Hodos et al. ( , 2002 data. The only notable difference between the two stimulus-presentation conditions is that the Nye CS functions show greater band width.
The data shown in Figs. 1 and 2 treat spatial and temporal modulation as if they were separate variables, independent of each other. In fact, they should be treated jointly since in the natural world stimuli that exhibit temporal characteristics almost always have spatial-frequency components as well. One attempt at joint treatment is to use a single, three-dimensional spatiotemporal CS surface to represent both the temporal and spatial data. A spatiotemporal CS surface was described by Kelly (1966) and Burbeck and Kelly (1980) . Fig. 4 shows two such surfaces, each in a three-dimensional coordinate space. In both panels, CS has been plotted on the Y -axis, temporal frequency on the X -axis and spatial frequency on the Z-axis. Panel A shows the Graf (1973) who studied the temporal resolution of a blank field. Error bars are standard deviations. Burbeck and Kelly (1980) surface replotted from their paper. The data have been presented without scale values on the axes because, for purposes of this comparison, only the shape of the Burbeck and Kelly function is relevant and not absolute values. Panel B shows our data. Although generally flatter, the pigeon surface in Panel B has the same general form as the human theoretical surface in Panel A. Each surface shows low CS for stimuli that have the highest spatial and temporal frequencies. As the spatial and temporal frequencies are reduced, both functions show a sharp rise to a peak in the case of the pigeon data and a plateau in the case of the human theoretical function. Further decreases in temporal and spatial-frequency result in a gradual downward slope of the surfaces towards the stimuli with the lowest spatial and temporal modulations. The pigeon surface, however, shows a steeper roll off at the low temporal frequency, low spatial-frequency junction than does the human surface and is, in general, somewhat flatter in the center than the human surface. Nevertheless, there is an overall similarity of the two surfaces.
One of the observations of this study was that the peak temporal CS was either at 8 or 16 Hz, depending on the subject. Temporal frequencies above this range of values showed a sharp decline in CS. Peak temporal modulation in the same range in pigeons was shown by Bagnoli, Porciatti, Francesconi, and Barsellotti (1984) . This is consistent with a human study by Wu, Burns, Reeves, and Eisner (1996) that the peak temporalmodulation frequency was 16 Hz. These authors modeled their results with a temporal-filter model. In addition, a recent report by Jarvis et al. (2002) reported that the peak temporal sensitivity in chickens and in humans was approximately 15 Hz, with humans having a slightly lower-frequency peak than the chickens. They also reported high temporal cutoff frequencies similar to that reported by Graf (1973) for pigeons. The authors account for their findings in the context of a model based on a cascade of high-pass and low-pass temporal filters, a central-neural detection filter, and internal and external noise (Kelly, 1971; Rovamo, Raninen, & Donner, 1999) . In the domain of auditory temporal modulation, using dynamic acoustical ripples to activate single neurons in the auditory cortex of ferrets, Depireux, Simon, Klein, and Shama (2001) reported that the acoustical equivalent of the peak temporal CS also was at 16 Hz. While the similarities between the visual and auditory peak frequencies may be coincidental, they may be suggestive of the action of similar filtering mechanisms in the two sensory systems.
